We have previously shown that MEF (myeloid ELF1-like factor, also known as ELF4) functions as a transcriptional activator of the interleukin (IL)-8, perforin, granulocyte macrophage-colony stimulating factor (GM-CSF) and IL-3 genes in hematopoietic cells. MEF is also expressed in non-hematopoietic tissues including certain ovarian cancer cells. To define the function of MEF in these cells, we examined primary human ovarian epithelial tumors and found that MEF is expressed in a significant proportion of ovarian carcinomas, and in the CAOV3 and SKOV3 ovarian cancer cell lines, but not in normal ovarian surface epithelium. Manipulating MEF levels in these cell lines altered their behavior; reducing MEF levels, using short hairpin RNA expressing vectors, significantly inhibited the proliferation of SKOV3 and CAOV3 cells in culture, and impaired the anchorage-independent growth of CAOV3 cells. Overexpression of MEF in SKOV3 cells (via retroviral transduction) significantly increased their growth rate, enhanced colony formation in soft agar and promoted tumor formation in nude mice. The oncogenic activity of MEF was further shown by the ability of MEF to transform NIH3T3 cells, and induce their tumor formation in nude mice. MEF is an important regulator of the tumorigenic properties of ovarian cancer cells and could be used a therapeutic target in ovarian cancer.
Introduction
Myeloid ELF1-like factor (MEF) (ELF4), a member of the ETS family of transcription factors, is expressed in a variety of normal and malignant hematopoietic cells. Insights into its essential role in innate immunity have come from the analysis of MEF deficient mice, which have significant defects in natural killer (NK) (and NK-T) cell development and function (Lacorazza et al., 2002; Lacorazza and Nimer, 2003) . MEF can also regulate key aspects of hematopoietic stem cell behavior, controlling quiescence and the resistance to myelosuppression (Lacorazza et al., 2006) . Among its target genes, MEF regulates interleukin (IL)-8 and perforin expression in hematopoietic cells (Hedvat et al., 2004) (Lacorazza et al., 2002) .
MEF is expressed in several tumor types, including leukemia, lymphoma and ovarian cancer cells (our data), and some studies have suggested a role for MEF in tumorigenesis. MEF was found to collaborate in tumor formation in several murine retroviral insertional mutagenesis screens, including Cdkn2a-deficient mice, which lack p16INK4a and p19ARF (Lund et al., 2002) , the EmMyc transgenic mouse model that lacks expression of Pim1 and Pim2 (Mikkers et al., 2002) and the SOX4 transgenic bone marrow transplant model (Du et al., 2005) .
We have shown that the activity and expression of MEF is regulated during the cell cycle by phosphorylation and ubiquitination and by proteasomal degradation, and its activity is greatest at the G1/S boundary (Miyazaki et al., 2001; Liu et al., 2006) . The goal of the present study was to understand how MEF expression affects the behavior of tumor cells. Thus, we altered MEF levels in ovarian tumor cells using RNA interference and MEF overexpression and showed that MEF overexpression stimulates the aberrant growth properties of ovarian cancer cell lines and can transform NIH3T3 cell.
MEF is expressed in human ovarian surface epithelial tumors MEF is expressed in normal hematopoietic cells, in primary acute myeloid leukemia (AML) patient samples (Fukushima et al., 2003) and in leukemia cell lines (Miyazaki et al., 1996) . It is also expressed in other tissues, including liver, placenta and ovary (Miyazaki et al., 1996; Aryee et al., 1998) . To investigate MEF expression in human ovarian epithelial tumors, we stained a series of 80 pathologic tissue specimens (detailed in Figure 1 and Table 1 ) by immunohistochemistry using an affinity-purified rabbit anti-MEF antiserum (Miyazaki et al., 2001) . The highest incidence of nuclear staining was observed in the serous (48%) and endometrioid (43%) types of ovarian carcinoma, and to a lesser extent in those with clear cell (21%) or mixed (17%) histologies. Staining of normal ovarian tissue revealed MEF protein in scattered stromal cells, but no expression in ovarian surface epithelial cells or ovarian cysts (Figure 1a ). When we attempted to correlate MEF protein expression with tumor stage, grade and patient outcome (overall survival), we found no significant associations (data not shown).
RNA interference targeting MEF inhibits the malignant potential of ovarian cancer cells MEF is expressed in the SKOV3 and CAOV3 ovarian cancer cell lines, which are derived from human ovarian serous adenocarcinomas. To determine whether MEF was required for the tumorigenic properties of these cells, we diminished MEF expression using RNA interference. To do this we constructed a vector (pEGFP-H1) that expresses short hairpin RNAs (shRNA) from the H1 promoter with GFP as a selectable marker, and used shRNA inserts that target either MEF or the firefly luciferase (Luc) gene (as a control), to produce the pEGFP-H1-MEF1, pEGFP-H1-MEF2 and pEGFP-H1-Luc vectors. Transfection of SKOV3 and CAOV3 cells with the combination of pEGFP-HI-MEF1 þ 2 significantly reduced the level of MEF protein expression ( Figure 2a ) and the combination of two shRNA vectors on MEF levels was greater than either single shRNA alone ( Figure 2b ). Therefore, we combined both shRNAs for all experiments. The reduction of MEF levels achieved by these shRNA vectors significantly decreased the proliferation of both the SKOV3 and CAOV3 cells (measured by the WST-1 assay) (Figure 2c ), indicating the pro-growth effects of MEF. This effect was further demonstrated using propidium iodide (PI) staining, as a decrease in the S phase fraction was observed in both cell lines transfected with MEF-directed shRNA, with a corresponding increase in the G 1 -phase fraction ( Figure 2d ). Bromodeoxyuridine (BrdU) incorporation assays showed a decrease in proliferation, in cells expressing MEFdirected shRNA; a greater effect was seen in SKOV3 cells ( Figure 2e ). Interestingly, knockdown of MEF in SKOV3 (Figure 2f Tumor promoting properties of MEF JJ Yao et al CAOV3 cells have tumorigenic properties including lack of contact growth inhibition and loss of anchorage dependence; they efficiently form colonies in soft agar and foci in culture. When we transfected CAOV3 cells with the MEF shRNA vectors (pEGFP-H1-MEF1 þ 2), the cells lost their ability to form colonies in soft agar (Figure 2g , upper panel), and had minimal focus forming capability (Figure 2g, lower panel) . Thus, lowering MEF levels in these tumor cells impairs not only their proliferation but also their tumorigenic properties.
MEF overexpression increases the oncogenic properties of ovarian cancer cells SKOV3 cells normally form colonies in soft agar and foci in culture, though to a lesser extent than CAOV3 cells. To examine whether MEF overexpression enhances the malignant potential of these cells, we overexpressed MEF using the pSRa retroviral vector, pSRa-MEF (Figure 3a) . Increasing MEF protein levels in SKOV3 cells (SKOV3-MEF) significantly enhanced their proliferation (Figure 3b ). Cell cycle analysis showed that the increased proliferation was reflected in the significant increase in cells in S phase (23.9-33.2%) (Figure 3c ). The SKOV3-MEF cells more efficiently formed colonies in a soft agar assay than did SKOV3-pSRa cells (a six-fold increase) (Figure 3d ). Furthermore, when injected subcutaneously into nude mice, the SKOV3-MEF cells formed larger tumors than the SKOV3-pSRa control cells (Figure 3e) . Thus, increased levels of MEF enhanced the oncogenic properties of these ovarian cancer cells. 
MEF overexpression stimulates proliferation and transforms NIH3T3 cells
We recently showed that overexpression of MEF enhances the S-phase fraction of NIH3T3 cells , similar to what we observed for SKOV3 cells. However, to more clearly show the role of MEF in cellular transformation, we utilized the classic NIH3T3 transformation model. NIH3T3 cells normally express low levels of MEF ( Figure 4a) ; overexpression of MEF in NIH3T3 cells using retroviral transduction (NIH3T3-MEF) resulted in increased anchorage-independent growth in soft agar with an approximately three-fold increase in colony formation (Figure 4b ). NIH3T3-MEF cells formed numerous foci, in contrast to control cells, which formed no foci (Figure 4c ). Subcutaneous injection of NIH3T3-MEF cells into nude mice led to significant tumor formation in all mice, whereas no tumors were seen in mice injected with control-transduced NIH3T3 cells (Figure 4d ). Taken together, these data provide compelling evidence of the oncogenic activity of MEF.
There are many examples of ETS factor overexpression in human tumors including carcinomas of the ovary, breast, colon, lung, thyroid and most recently prostate (reviewed in Seth and Watson, 2005) . It was recently discovered that the ERG gene or the ETV1 gene is fused to the 5 0 untranslated region of the TMPRSS2 gene in the majority of prostate cancers studied, resulting in overexpression of one of these ETS genes (Tomlins et al., 2005) . The closely related ETS family member, ELF1, is expressed in ovarian cancer, and its protein expression correlates with clinical stage and a poor prognosis (Takai et al., 2003) .
In some cases, ETS factors have a negative effect on growth and may act as tumor suppressors. MEF is located on Xq26 and has been posited to be a tumor suppressor gene in ovarian cancer, as MEF is contained in a minimal region of allelic loss in loss of heterozygosity studies of advanced stage ovarian cancer (Choi et al., 1997) . There is a single report that MEF can act as negative regulator of the A549 lung cancer cell line, as its overexpression inhibited the ability of A549 cells to grow in soft agar and form tumors in nude mice (Seki et al., 2002) . However, there is no direct evidence of MEF as a tumor suppressor as no mutations have been found in human tumors and MEF deficient mice do not spontaneously form tumors, even at an advanced age (Lacorazza et al., 2002) .
How do the functions of MEF that we have described fit into existing models of ovarian tumorigenesis? The ability of MEF to enhance proliferation and promote the anchorage independence of ovarian tumor cells may cooperate with other oncogenes such as overexpressed AKT2 or mutant p53, which are also found in ovarian carcinomas (Yuan et al., 2000) . The mechanism by which MEF positively affects the cell cycle is a focus of continuing studies. The physical interaction of MEF with the cell cycle regulatory cyclin A-CDK2 complex (Miyazaki et al., 2001 ) may contribute to these effects as could direct effects on the transcription of MEF target genes. Using Affymetrix oligonucleotide microarrays, we have identified several genes whose expression is reproducibly decreased in response to siMEF including CYCLIN D2, a D-type cyclin, which is expressed in some ovarian cancers (Milde-Langosch et al., 2003) and is known to play a role in G 1 -S progression. Thus, MEF has oncogenic effects in several tumor models; its cell cycle promoting and antiapoptotic functions demonstrate that MEF exerts multiple effects on cancer cell behavior. We continue to study the mechanism by which MEF regulates the growth of tumor cells. The identification of additional genes and pathways that may be regulated by MEF (ELF4) may be particularly important, if more specific antitumor therapies are to be developed. 
